Erectile dysfunction may be caused by hormonal, neural, arterial, or venous factors. Cavernosometry is used to test for venous leaks. The outcome of surgical procedures attempting to block off veins that allow blood to leak from the penile tissues is still poor. This procedure commonly follows a diagnostic procedure based on cavernosometry after good arterial inflow has been established. To study the cavernosometry test, a mathematical model of penile hemodynamics was used to analyze the significance of its indications and its sensitivity to both arterial and venous factors. The model elucidates the mechanism of cavernosometry and shows that indeed this test is sensitive to venous factors and insensitive to arterial factors. The model also supports the use of supra-arterial pressure during cavernosometry, and the use of the slope of the flow-to-maintain vs maintained-pressure curve as an indicator of venous leak severity.
Introduction
Vascular events during erection require a normal arterial supply of inflow that is enhanced by the relaxation of the cavernous smooth muscles. 1 The existence and function of the venous occlusion mechanism is essential to maintain a normal erection. 2 Restoration of the vascular erectile mechanism in cases of dysfunction requires a distinction between insufficient inflow and excessive outflow.
Veno-occlusive dysfunction is ruled out by a positive erectile response to intra-corporeal injection of vasoactive agents. 3 Venous leakage, an impairment of the veno-occlusive mechanism, is a major cause of vascular erectile dysfunction. It is indicated by either the inability to increase intracorporeal pressure to the level of the mean systolic blood pressure with saline infusion, or a rapid drop of pressure after cessation of the saline infusion. 4 The hemodynamics of venous leakage is studied by cavernosometry. This diagnostic test is designed to identify and quantify veno-occlusive impairment as a cause of erectile dysfunction. The test involves measuring the flow rates required to obtain and maintain erection and gauging of intracavernous pressures during the test while the corpora are perfused, and its decay following cessation of fluid perfusion.
Dynamic pharmacologic cavernosometry with the injection of vasoactive agents to the corpora to obtain complete arterial and sinusoidal relaxation are the best instruments to evaluate venous leak during erection. 5 Cavernous relaxation during the test is necessary since erection may be produced with a pump at fix rate but with infusion pressures that are higher than physiological arterial pressure. Complete cavernous smooth muscle relaxation during the test results in elevation of the venous outflow resistance. 6 The relative significance of the data obtained by measurement or calculation of parameters is not universally accepted, and refinements and modification of the technique of dynamic cavernosometry is a proof of this disagreement. 7 Evaluation of flow rates necessary to maintain erection by any perfusion method, gravity or by roller pump does not take into account the arterial flow, an unknown factor. In fact, we can only eliminate this factor when the intracavernous pressure exceeds systolic pressure. On the other hand, inflow at intracavernous pressures higher than the systolic pressure may create increased nonphysiological outflow that may harm the patient.
A mathematical model of the hemodynamic events during erection was developed by Borowitz and Barnea, 8 and Barnea. 9 The model includes mathematical descriptions of arterial and venous flow, and their relation with arterial and venous pressure resulting in calculation of corporeal pressure and volume. The model was used by Gillon and Barnea 10 to investigate factors involved in normal erection and dysfunction. Another model developed for the estimation of the area of venous leak using cavernosometric data was presented by Mulhall and Damaser. 11 In this model an assumption was made that pressure-flow relations in steady state was governed solely by Bernoulli's equation, and viscous flow was neglected. They have also assumed that infused flow was equal to leakage flow in steady state with no arterial retrograde flow and no normal venous outflow. Based on this, they calculated the area of venous leak, using cavernous and central venous pressures with the catheter cross section area as variables in the Bernoulli equation.
In this study, the model presented previously was extended to include components involved in cavernosometry. The purpose of this theoretical analysis was to study the events during cavernosometry and to elucidate the role of all factors involved in this diagnostic procedure.
Methods
A model of the erectile function of the human penis is considered where the corpora and tunica are regarded as compliant chambers and the arteries and veins supplying blood and draining the chamber are regarded as compliant vessels subjected to external pressure, the corporeal pressure. This is shown schematically in Figure 1 .
Mathematical descriptions of arterial and venous flow of the penis as well as a model of the corpus cavernosum as a compliant chamber were developed based on the physical properties of the tissue and the major governing physical laws, and presented previously. [8] [9] [10] The models of arteries and veins were based on viscous flow through an elastic tube under external pressure. The difference between internal and external pressures was used to determine the diameter of the vessel at a point based on its elastic properties. This was used to calculate the diameter function along the vessel and determine the resistance to flow at each location. Integrating the resistance along the vessel yielded expressions relating inlet, outlet and external pressures along with the elastic and geometrical properties of the vessel to flow. These expressions were used to derive the pressure-flow relations for arteries where the outlet pressure is equal to its external pressure, and for the veins where the inlet pressure is equal to the external pressure. The corpus cavernosum was represented by its pressure-volume characteristics. Integrating the three components allows to calculate various states of equilibrium where inflow and outflow affect and are affected by corporeal pressure. Changing the elasticity of the arteries and veins caused a transition from flaccid to erect state. The parameters of the model were based on experimental descriptions of the pressure-volume relations in collapsible blood vessel with its elasticity factor as a parameter E and a constant C that is related to mechanical factors.
The mathematical model 8,9 is described by the following equations where P is pressure, Q is flow, V is volume, E is an elasticity factor and C is a mechanical constant with subscripts 'A' for artery, 'V' for vein and 'C' for corporeal:
Equation (1) expresses the relation between inflow and the difference between arterial and corporeal pressures with the elasticity factor E as a parameter. This expression is explained in more detail in Gillon and Barnea. 10 Reduction of elasticity generates an exponential increase in flow whereas reduction in pressure gradient results in flow decrease leading to zero flow in pressure equilibrium. Equation (2) indicates that outflow from the vein does not cease completely during erection but it is limited according to the venous elasticity to a value that is related to its physical characteristics. Increased corporeal pressure causes two opposing forces: one is greater driving pressure for flow in the draining vein and the other is greater external pressure acting on the vein, opposing flow. In equilibrium, flow is independent of the pressure. Thus, beyond a critical pressure, the vein limits flow Figure 1 Schematic presentation of the penis.
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Corporeal chamber is described as an elastic chamber with pressure-volume relations that is similar to most biological tissues. The parameters in equation (3) 
À9 . Additional pathological conditions were added to the model. These are changes in the elastic property of the arteries and vesicles, and existence of shunts representing venous leaks where the blood flows directly to the external vein with no collapsing effect due to corporeal pressure.
To simulate cavernosometry, a controlled inflow Q C was added. The system was then analyzed under different conditions beginning with simulations of healthy subjects through venous leaks, and combined effects of venous leaks and arterial insufficiency.
Results
Gradual increase of inflow (Q C ) was simulated to reach flow-to-maintain (FTM) for different maintenance pressures (MP). Two simulations are shown in Figure 2 where Q C was increased twice, once to reach MP ¼ 90 (thin lines) and once to reach MP ¼ 120 (thick lines). The sub-subscripts in Figure 2 indicate the MP that was reached. For each set three flows are shown: arterial flow Q A , venous flow Q V and the controlled inflow Q C . In both sets a normal physiology is simulated where venous flow is independent of cavernous pressure at high pressure values. 8, 9, 10 As Q C increases, generating cavernous pressure increases, arterial flow decreases since the pressure gradient at the input decreases. Eventually, if the FTM increases to levels that result in pressure that is greater than arterial pressure, arterial inflow will completely stop, and a retrograde flow may be observed. The retrograde flow is limited by the now partially collapsed artery that is exposed to external pressure (P C ) that is greater than its inlet arterial pressure. At this high cavernous pressure, the artery is partially collapsed by the same mechanism that affects the vein. Thus, at a high cavernous pressure P C , the value of Q C is close to the value of Q V . Figure 3 shows the results of a simulation that includes moderate venous leak. The flows to maintain 90 and 150 mmHg are shown as functions of time. In this case, Q C is required to reach a greater value to maintain the required pressures. In both cases, Q A is reduced either to a value close to zero or to a small retrograde flow. For MP ¼ 90 mmHg, Q C is not equal to Q V , but once MP is increased to 150 mmHg, Q C and Q V are very close to each other. This indicates that at high values of MP, Q C can closely reflect on Q V , the leak flow. Similar results were also observed for a severe venous leak.
When using FTM as an estimation of venous outflow, the error depends on the maintained pressure. Figure 4 examines the error of estimation and shows that for all cases, the use of pressures that are equal to or greater than arterial pressure result in a better estimation.
The relationship between Q C , the FTM, and the MP, is shown in Figure 5 for normal physiology, moderate leak and severe leak. For each of the three cases, five variations in arterial elasticity have been made to examine the dependency of arterial insufficiency as a factor in determining venous leak. The figure shows that arterial factors have only a small effect at high pressures. The figure also indicates that the slope of the FTM-MP curve at high pressures is indicative of the total venous resistance to flow. 
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Cavernosometry also includes a test of pressure relaxation where the flow that maintained a specific pressure is suddenly stopped. This results in a pressure decay that is timed. The criterion for venous leak is a drop of 30 (or 45) mmHg in a time duration that is shorter than 30 s. 12 This test was simulated and the results are shown in Figures 6,7 . Figure 6 contains two panels. The top panel (a) depicts pressure decay under normal conditions beginning at two different pressures-150 and 120 mmHg. The graph shows that the time duration required for a 30 mmHg pressure drop depends on the initial pressure. The bottom panel (b) shows the pressure decay for moderate and severe leakage conditions. The time duration is significantly shorter but still depends on the initial pressure. Figure 7 shows the effect of venous leak on the time duration of the 30 mmHg pressure decay. The figure shows that the moderate leak results in a significant change in the time duration while further deterioration has a smaller effect. Interesting to note is the effect of the initial pressure. Observing the graph at moderate leak, the number for initial pressure of 150 mmHg indicates that it is a pathological condition (o30 s) but the number for initial pressure of 120 mmHg indicates a nonpathological condition. In addition, the effect of other pathologies such as arterial elasticity increase (smaller compliance) was studied and the effect on the decay rate was minimal as shown in Figure 7 . 
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Discussion
The mathematical model of penile hemodynamics was validated by comparison with physiological behavior in both normal and pathological conditions, and its predictions are congruent with various experimental observations. 9, 10 In this work, a controlled flow source and pressure monitoring were added to the model to allow a systematic study of cavernosometry. Although the model is only briefly described in this paper, it should be noted that it is based on different assumptions than those used for the development of the model presented by Mulhall and Damaser, and therefore different results may be expected. Our analysis began with a model of a long elastic vessel exposed to external pressure. We considered elastic vessel wall and viscous flow, and neglected the effect of velocity change at the vessel outlet while Mulhall and Damaser considered a lumped configuration of the entire system and considered only the effects of velocity change as expressed in Bernoulli's equation. The accurate and full solution must consider both the effects and consider cross section area at the location where pressure is considered. The pressure-volume relations we used in the model are similar to those implied by Udelson et al 13 that studied the pressure-volume relations in the penis and related them to buckling force, thereby relating pressure to sexual functionality.
Blood vessels in the penis are exposed to external pressure in a situation that is similar to vessels in the coronary circulation. Coronary vessels are exposed to the intramyocardial pressure that is proportional to their inlet pressure. In the coronaries, this type of behavior is called a waterfall mechanism because the flow rate does not depend on the difference between inlet and outlet pressures as in a waterfall where the vertical level difference does not affect flow. In this case, inlet and external pressures as well as vessel elasticity determine the flow. In models describing sudden vessel constriction such as in coronary stenosis, models using Bernoulli's equation are used since the effect of velocity change on pressure drop in coronary lesions are much more significant than the viscous effects.
Initial results of the model, presented in Figures 2  and 3 indicate that the slowly increasing flow first causes a decrease in arterial inflow. This, however, is helpful in the diagnostic process since we would like to estimate venous leakage flow with the value of the FTM. Despite this reduction, at low pressures, the controlled inflow is still not equal to the venous leak flow. Only at high pressures, the estimation is good. This is seen in Figures 4 and 5 . Figure 3 also indicates that the slope of the FTM-MP curve is a better estimator of venous flow. Using the slope eliminates the effect of arterial flow and venous pressure that are both unknown, on the estimation process.
The pressure decay test was studied as well. The results indicate that the test is indeed sensitive to venous leak and minimally affected by changes in arterial elasticity. However, the initial pressure must be considered. Thus, the model suggests that cavernosometry may be a good technique to estimate venous leak, provided, the estimation is performed at pressures that are greater than arterial pressure. Indeed, during routine cavernosometry a supraphysiologic intracavernous pressure of 150 mmHg (arbitrarily selected) is achieved to measure the flow required to maintain erection. The model also suggests that the slope of the FTM-MP curve may be a good estimator of venous resistance, thus providing an objective consistent index for diagnostic procedures.
Although the measures of FTM and pressure decay are indirect indicators of venous leakage, the clinical significance of this model is that it allows us to understand better the variable influence of arterial inflow and volume of venous leakage that play important roles in erectile dysfunction. The model also elucidates the value of the test at supraphysiological pressures as seen in In summary, the model provides insight to the problems of diagnosis of veno-occlusive dysfunction, since many technical factors play important roles and influence the findings of this invasive study. Establishing the diagnosis of veno-occlusive dysfunction first requires the demonstration of intact arterial flow, but in daily clinical situations there is often a mixture of contributing factors to erectile dysfunction. It is shown that our model gives a valuable representation of clinical problems and the independent variables tested are relevant to the problems investigated in cavernous venous dysfunction. Also the overlap of normal and abnormal data of different parameters of the test can be better understood.
